The synthesis and full characterization of new chromophores with secondorder nonlinearities containing thienylpyrrolyl and benzothiazolyl moieties are reported.
Introduction
Materials with large nonlinear optical (NLO) response are of fundamental importance in modern communications technology, e.g. ultrafast image-processing, optical data processing, transmission and storage. 1 Conjugated organic push-pull substituted chromophores are promising candidates for systems with high molecular hyperpolarizabilities β. In a search for improved response a wide range of structural charge demand c x , a quantity representing the fraction of π negative charge withdrawn (delocalized) by the ring, indicate that c thiaz > c oxaz > c imidaz . Furthermore, the large electronegativity and lone electron pairs of S and N atoms in benzothiazole and the extension of the conjugation length of the π-electron bridge lead also to an increase in molecular hyperpolarizability, showing that they are a good choice for NLO applications. 4a,4d,6a As far as we know this is the first time that the synthesis and the characterization of UV-vis, solvatochromic, thermal and second-order NLO properties of thienylpyrrolylbenzothiazoles are reported in the literature.
Results and Discussion

Synthesis
Recently we have developed a method for the synthesis of formylthienylpyrroles 1-3.
11d
Compounds 1-3 with the formyl group at 5´-position or 3-and 5-position of the thiophene or pyrrole ring, respectively, were used as precursors of benzothiazoles 4-6 in order to evaluate the effect of the position of benzothiazole group on the optical properties of these chromophores. Benzothiazoles 4-6 with either alkyl or aryl donors on the thienylpyrrolyl system were obtained by reaction of o-aminobenzenethiol with formyl derivatives 1-3, in DMSO at 120 °C 13 for 2-3 h (Scheme 1).
<scheme 1>
The reaction is initiated by the formation of the corresponding imine that cyclises spontaneously, yielding the benzothiazoline, which is oxidised to the benzothiazole, aided by the oxidizing character of DMSO. Purification of the crude products by column chromatography gave pure benzothiazoles 4-6 in fair to excellent yields (34-93%). The structures of thienylpyrrolyl-substituted benzothiazoles 4-6 were unambiguously confirmed by their analytical and spectral data.
<table 1>
UV-vis study of benzothiazoles 4-6
The electronic spectra of thienylpyrrolyl-benzothiazole derivatives 4-6 in dioxane were recorded ( Table 1 ). The position of the absorption bands is influenced by the structure of the compounds, for example by the substituent on the nitrogen atom of the pyrrole ring and by the position of substitution of the benzothiazole moiety on the pyrrole or thiophene ring. The influence of the substituent on the nitrogen atom of the pyrrole ring is demonstrated by comparison of the absorption maxima of compounds 6a and 6d as the longest wavelength transition is shifted from 377.5 nm for 6a to 390.0 nm for 6d.
The variation of the absorption peak (λ max ) with the position of the electro-deficient benzothiazole on the pyrrole or on the thiophene ring for derivatives 4-6 is noteworthy 
Solvatochromic study of benzothiazoles 4-6
Donor-acceptor substituted thienylpyrroles 11b-c,f and benzothiazoles 12b-d have been known to demonstrate strong solvatochromic behavior. In order to investigate if compounds 4-6 could act as suitable probes for the determination of solvent polarity, we carried out a preliminary study of the absorption spectra for compounds 4-6 in solvents with different polarities (diethyl ether, ethanol, chloroform and DMSO). We found that compounds 6a (∆ν = +832 cm -1 ) and 6d (∆ν = +581 cm -1 ) showed the largest energy shifts in the peak absorption band so a full solvatochromic study involving 13 solvents was carried out. The results are summarized in Table 2. <table 2>
Compounds 6a (∆ν = +1121 cm -1 ) and 6d (∆ν = +924 cm -1 ) exhibit positive solvatochromism with respect to their CT absorption band, that is, the position of the absorption maximum shifts to longer wavelengths as the polarity of the solvent increases due to a greater stabilization of the excited state relative to the ground state with increasing polarity of the solvent. 9d Noteworthy is the behavior of 6a and 6d in chlorinated solvents such as chloroform and dichloromethane, which sligthly deviates from linearity. 9b,11b In view of the pronounced solvatochromism, the good correlation with π* values for the 13 solvents investigated, compounds 6a and 6d appear to be very appropriate solvent polarity indicating dyes.
Study of nonlinear optical properties and thermal stability of benzothiazoles 4-6
We have used the hyper-Rayleigh scattering (HRS) method [21] [22] to measure the first hyperpolarizability β of benzothiazoles 4-6. p-Nitroaniline (pNA) was used as standard in order to obtain quantitative values, while care was taken to properly account for possible fluorescence of the dyes (see the experimental section for more details). The static hyperpolarisability β 0 values are calculated using a very simple two-level model neglecting damping. They are therefore only indicative and should be treated with caution. The measured β value for compound 6a is abnormally large; this may be due to a two-photon resonance effect although no evidence of fluorescence at 532 nm was observed, and/or due to steric effects. The β values for compounds having the benzothiazole group on the thiophene ring are 20-33 times greater than pNA, whereas the respective β 0 are 18-26 times greater. From Table 1 it is obvious that the increase of the donor strength of the group that substitutes the nitrogen atom on the pyrrole ring along the series Ph < 4-OMePh < 2,4-diOMePh, results both in red-shifted absorption maxima and enhanced β values for pyrroles 6b-d.
Comparison of the β values for 6c (450 × 10 -30 esu) and 5c (85 × 10 -30 esu) shows that the substitution using the benzothiazole group at the 5'-position on the thiophene ring (6c) leads to a larger nonlinearity than the same electron-deficient heterocycle at 5-position on the pyrrole ring (5c).
The results obtained showed that the location of the electro-deficient benzothiazole on the pyrrole or on the thiophene ring alone can either dramatically alter the overall molecular nonlinearity of the system. One must therefore view the thienylpyrrole and the benzothiazole moieties not simply as the conjugated segments but also as the structural units, which affects the overall electron transfer properties of the system.
Pyrrole, being the most electron-rich five-member heteroaromatic ring, counteracts the electron withdrawing effect of the benzothiazole heterocycle (in 5c), resulting in a decrease in β. These findings are in accordance with theoretical 4a,6i and experimental 6a studies reported before for related compounds, and also with our recent work 11f where it was concluded that the increase or decrease of the molecular nonlinear activity on heteroaromatic systems depends on the nature and location of the aromatic rings in the system.
Thermal stability of chromophores 4-6 was estimated by thermogravimetric analysis. 
All samples had very high decomposition temperatures (T
Conclusions
In summary, we have synthesized new thienylpyrrolyl-benzothiazoles 4-6 from formylthienylpyrroles 1-3 in moderate to excelent yields.
The solvatochromic behavior of compounds 4-6 was determined by regression analyses of absorption maxima in 13 solvents. Due to their pronounced solvatochromic properties benzothiazoles 4-6 and specially compounds 6a and 6d are suitable to investigate the solvent polarity by means of their absorption wavenumbers.
Hyper-Rayleigh scattering was used to determine the first hyperpolarisability, β, the data showing that β is dependent on the substituent on the pyrrole ring (alkyl or aryl) and on the position of substitution (3 or Light petroleum refers to solvent boiling in the range 40-60 ºC. The synthesis of formylthienylpyrroles 1-3 was described elsewhere. 
General procedure for the synthesis of thienylpyrrolyl-1,3-benzothiazoles 4-6
The corresponding formyl-thienylpyrroles 1-3 (1 equiv) and o-aminobenzenethiol (1 equiv) were heated in DMSO (1 mL/ mmol) at 120 ºC with stirring for 2-3h. The reaction was followed by TLC using diethyl ether/light petroleum 1:1 as eluent. When the reaction was complete, the reaction mixture was allowed to cool and poured into water and extracted with ethyl acetate (3 × 50 mL/mmol). The organic layer was dried with magnesium sulphate and evaporated under reduced pressure. The crude residue was submitted to silica gel column chromatography using mixtures of diethyl ether and light petroleum of increasing polarity. The fractions containing the purified product were collected and evaporated under vacuum. , 3067, 2963, 2871, 1595, 1541, 1482, 1434, 1392, 1312, 1248, 1195, 1046, 933, 899, 756 This allows us to determine if fluorescence is present and to reliably correct for its presence provided that the integrated contribution is less than 80% of the total detected signal within the temporal gate of the box-car integrator (25 ns). From our measurements we conclude that compounds 6a and 6d emit negligible fluorescence at 532 nm. When using the "narrow" band filter the estimated fraction of the total detected signal due to fluorescence is listed in the following 
2-(1'-Propyl-2'-(thien-2''-yl)pyrrol-3'-yl)-1,3-benzothiazole (4a
2-(1'-(4'''-Methoxyphenyl)-5'-(thien-2''-yl)pyrrol-2'-yl)-1,3-benzothiazole (5c). Brown solid (35%
2-(1''-Propyl-2''-(thien-2'-yl)pyrrolyl)-1,3-benzothiazole (6a). Dark green solid (36%
2-(1''-(4'''-Methoxyphenyl)-2''-(thien-2'-yl)pyrrolyl)-1,3-benzothiazole (6c).
Dark green solid (93%
2-(1''-(2''',4'''-Dimethoxyphenyl)-2''-(thien-2'-yl)pyrrolyl)-1,3-benzothiazole (6d). Dark green solid (67%
Thermogravimetric analysis of compounds 4-6
Thermogravimetric analysis of samples was carried out using a TGA instrument model Q500 from TA Instruments, under high purity nitrogen supplied at a constant 50 mL min -1 flow rate. All samples were subjected to a 20 ºC min -1 heating rate and were characterized between 25 and 700 ºC. 
